Aortic stenosis is the most frequent valvular heart disease. In aortic stenosis, therapeutic decision essentially depends on symptomatic status, stenosis severity, and status of left ventricular systolic function. Surgical aortic valve replacement or transcatheter aortic valve implantation is the sole effective therapy in symptomatic patients with severe aortic stenosis, whereas the management of asymptomatic patients remains controversial and is mainly based on individual risk stratification. Imaging is fundamental for the initial diagnostic work-up, follow-up, and selection of the optimal timing and type of intervention. The present review provides specific recommendations for utilization of multimodality imaging to optimize risk stratification and therapeutic decision-making processes in aortic stenosis. (Circ Cardiovasc Imaging. 2016;9:e004352.
C alcific aortic stenosis (AS) is the most frequent valvular heart disease in developed countries. 1 AS often has a long latency period before symptom onset; however, when symptoms develop and severe AS is present, the average survival is reduced to 2 to 3 years in the absence of treatment. Although surgical aortic valve replacement (AVR) or transcatheter aortic valve implantation (TAVI) is the sole effective treatment for symptomatic severe AS, the postoperative outcome varies notably from one patient to another. Risk stratification in asymptomatic patients and identification of markers of poor prognosis in symptomatic subjects have, thus, become key elements in the management of AS. Standard Doppler echocardiography is the cornerstone of the evaluation of AS, and in ≈65% to 70% of the patients, this imaging modality is sufficient to guide therapeutic management. However, in ≈25% to 30% of the patients, there are some uncertainties about AS severity at Doppler echocardiographic examination, and these patients may, thus, require multimodality imaging to confirm disease stage and guide therapeutic decision making. [2] [3] [4] [5] [6] [7] The present review provides specific recommendations based on the current literature on the utilization of multimodality imaging in AS.
New Classification of AS and Concept of Disease Stages
The 2014 American College of Cardiology (ACC)/American Heart Association (AHA) guidelines have introduced the concept of disease staging for valvular heart disease, including AS ( Figure 1 ), 2 which has introduced additional degrees of complexity in the classification of AS. The identification of disease stage is essentially based on the assessment of stenosis severity and left ventricular (LV) systolic function by Doppler echocardiography and the patient's symptomatic status. The symptomatic severe stage (D) includes patients who have developed symptoms as a result of severe AS. This stage is subdivided into 3 stages: D1, D2, and D3 according to the flow-gradient classifica tion of AS. 3, 4 All these entities are characterized by a small aortic Multimodality Imaging in AS valve area (AVA; <1.0 cm 2 ), thus suggesting severe AS, but they differ in terms of LV remodeling, systolic function, transvalvular flow, transvalvular pressure gradients, and outcomes. Patients with low LV ejection fraction (LVEF <50%) and LG (LG <40 mm Hg) are referred as to classical low-flow (LF) LG AS and are classified as stage D2 in the ACC/AHA guidelines. 2 This entity is characterized by depressed LV systolic function, LV eccentric remodeling, and poor outcomes with medical therapy but high surgical risk with surgical AVR. 5, 6 Patients with a small AVA and a preserved LVEF are then separated into 4 groups according to (1) flow, that is, LF defined by an indexed LV stroke volume <35 mL/m 2 versus normal flow (NF; ≥35 mL/m 2 ) and (2) mean gradient, that is, low (LG<40 mm Hg) versus high gradient (HG≥40 mm Hg). An LF state is indeed commonly defined as an indexed LV stroke volume of <35 mL/m 2 , a cutoff associated with worse outcomes in AS. 7, 8 The 4 flow-gradient groups are, thus, (1) NF-HG, (2) LF-HG, (3) NF-LG, and (4) LF-LG. The current guidelines make no distinction between the NF-HG and LF-HG AS, and these 2 entities are grouped together into the C1 or D1 stages depending on whether the patient is asymptomatic or symptomatic, respectively. 2 In these patients, the stenosis is likely severe, and there is no need for additional diagnostic tests to corroborate severity. However, among patients with HG and preserved LVEF, those with LF generally have a worse prognosis both before and after AVR, compared with those with NF. 4, 7, 9 The patients with preserved LVEF and LF-LG are referred as to paradoxical LF-LG AS, which is classified as stage D3 in the ACC/AHA guidelines, if the patient is symptomatic. 2 In these patients, the decrease in stroke volume (<35 mL/ m 2 ) and transvalvular flow is generally related to pronounced LV concentric remodeling (relative wall thickness, >0.5) with small LV cavity (end-diastolic volume index, <55 mL/m 2 ), restrictive LV diastolic pattern, and reduced global longitudinal strain (global strain, <16%). 3, 8, 10 However, the LF state may also occur because of concomitant mitral regurgitation, tricuspid regurgitation, atrial fibrillation, constrictive pericarditis, or severe pulmonary hypertension with right ventricular failure. Little is known about the natural history of paradoxical LF-LG AS. [11] [12] [13] Figure 1 Continued. Algorithms proposed by the Heart Valve Clinic International Database (HAVEC) group for disease staging and management in patients with aortic valve stenosis. AS indicates aortic stenosis; AVA, aortic valve area; AVR, aortic valve replacement; CMR, cardiac magnetic resonance; DSE, dobutamine stress echocardiography; ESE, exercise stress echocardiography; EF, ejection fraction; HG, high gradient; LF, low flow; LG, low gradient; MPG, mean pressure gradient; MSCT, multislice computed tomography; NF, normal flow; and PET, positron emission tomography. Multimodality Imaging in AS Albeit there are some discrepancies, most of the previous studies report that among these 4 flow-gradient groups with small AVA and preserved LVEF, the one with paradoxical LF-LG AS has the worst prognosis and those with NF-LG AS has the best prognosis. 4, 7, 14 Furthermore, AVR improves outcomes in both patients with HG AS and those with paradoxical LF-LG AS. In patients with NF-LG AS, previous studies have yielded conflicting results on the effect of AVR on outcomes. This entity may, at least in part, be related to the inherent discrepancy between the cut-point values of AVA (1.0 cm 2 ) and mean gradient (40 mm Hg) proposed in the guidelines to identify severe AS. 15 Indeed, an AVA of 1.0 cm 2 corresponds to a mean gradient of 30 to 35 mm Hg rather than 40 mm Hg in a patient with NF rate, and as a consequence, several patients with moderate-to-severe AS might have discordant AVA-gradient measurements. Although the NF-LG entity is generally perceived as being a nonsevere form of AS, some recent studies using aortic valve calcium scoring by cardiac multislice computed tomography (MSCT) suggest that up to 50% of these patients would have severe AS. 16 Consistent with this finding, several studies report a potential survival benefit of AVR in these patients. 17, 18 The guidelines provide no specific stage or recommendation of intervention for these patients with NF-LG. The Heart Valve Clinic International Database (HAVEC) group would suggest an integrated classification by creating new stages for these patients and those with LF-LG AS: patients with NF-LG, small AVA, and preserved LVEF would be classified as C4 stage if they are asymptomatic and D4 if they are symptomatic; and patients with LF-LG, small AVA, and preserved LVEF would be classified as C3 stage if they are asymptomatic ( Figure 1 ).
Clinical Management of AS: New Challenges
In stages A and B, there is no indication of AVR ( Figure 1A ; Table 1 ). In stages C2 (severe AS with LV dysfunction) and D1 (symptomatic severe AS with HG), there is a class I indication for AVR. 2 For these stages, transthoracic Doppler echocardiography is generally sufficient, and there is no need for multimodality imaging. For patients in stage C1 (asymptomatic severe AS with HG), the challenge is to identify those who may need early prophylactic AVR (class IIa) versus those who can be safely managed with a wait-for-symptoms strategy. Multimodality imaging can play an important role to refine risk and optimize selection of the timing of AVR in these patients (Figure 2 ). 19 The same approach should be applied to asymptomatic patients with paradoxical LF-LG AS (HAVEC C3 stage) although there is less evidence to support prophylactic AVR in these patients. When managed medically, a close follow-up is warranted. Aortic valve intervention might be considered (IIb) in high-risk patients identified by multimodality imaging (high calcium score, low global longitudinal strain, and extensive myocardial fibrosis by cardiac magnetic resonance [CMR]).
In symptomatic patients with LF-LG AS (stages D2 and D3), there is a class IIa recommendation of AVR. 2 However, in the presence of LF-LG, the stenosis severity remains uncertain and multimodality imaging is required to confirm stenosis severity and decide whether relief of valve obstruction is indicated. In patients with NF-LG AS (HAVEC C4 and D4 stages), there is no specific recommendation in the guidelines AHA/ACC indicates American Heart Association/American College of Cardiology; AS, aortic stenosis; AVA, aortic valve area; AVR, aortic valve implantation; BNP, brain natriuretic peptide; DSE, dobutamine stress echocardiography; ESC, European Society of Cardiology; LF, low flow; LG, low gradient; LVEF, left ventricular ejection fraction; MPG, mean pressure gradient; SVi, stroke volume index; TAVI, transcatheter aortic valve implantation; and V max , aortic jet velocity. Multimodality Imaging in AS and multimodality imaging may be helpful for individual risk stratification, adjust the frequency of the echo/clinical followup, and eventually recommend intervention. In patients with NF-LG AS, surgical AVR could be considered if multimodality imaging confirms that the stenosis is severe and if the patient is symptomatic (HAVEC D4 stage; Figure 1C ). If the patient is asymptomatic (HAVEC C4 stage), a conservative approach should probably be recommended ( Figure 1B ).
Multimodality Imaging Assessment of AS Severity Transthoracic Doppler Echocardiography
A comprehensive echocardiography report should contain information on aortic valve morphology (bicuspid versus tricuspid) and mobility, cause and severity of AS (AVA, mean gradient, and peak aortic jet velocity), and its consequences on LV function (stroke volume, LVEF, and diastolic function), left atrial pressure, and pulmonary arterial pressure (Data Supplement). The continuity equation is used to calculate the AVA. The LV outflow tract (LVOT) diameter should be systematically reported to allow accurate monitoring of stenosis progression during follow-up. The LVOT diameter should be measured at the base of the aortic valve cusps or 1 to 5 mm below the aortic annulus using the zoomed view of the LVOT providing the largest diameter (distal LVOT diameter, relative to the direction of blood flow; Data Supplement). Recent studies suggest that the measurement of LVOT diameter >5 to 10 mm below the aortic annulus (proximal LVOT diameter, relative to the direction of flow) is less accurate and reproducible to estimate stroke volume and AVA. 20 Multiple echocardiographic windows and a good Doppler alignment to the flow direction are used to detect the highest aortic jet velocity. Accurate interpretation of the echocardiographic data requires reporting the level of systolic blood pressure (optimal level, <140 mm Hg) and the diameter of the ascending aorta. Hypertension may contribute to increase LV afterload and decrease LV outflow, and it may, thus, interfere with the Doppler echocardiographic assessment of stenosis severity. 21 The calculation of the valvuloarterial impedance (Z va ) can easily be performed as part of a routine echocardiographic examination and provides an estimate of the global (valvular+vascular) hemodynamic load. 22 Doppler echocardiography may overestimate the transvalvular pressure gradient compared with left heart catheterization in the presence of a small ascending aorta (diameter A B Figure 2 . Risk factors predicting poor spontaneous outcome in patients with asymptomatic severe aortic stenosis (AS; stage C1; A) or with classical lowflow, low-gradient AS and reduced left ventricular ejection fraction (stage D3; B). AV indicates aortic valve; AF, atrial fibrillation; BNP, brain natriuretic peptide; CAD, coronary artery disease; CMR, cardiac magnetic resonance; ΔMG, change in mean pressure gradient; DSE, dobutamine stress echocardiography; ESE, exercise stress echocardiography; GLS, global longitudinal strain; LAi, indexed left atrium area; LV, left ventricle; LVEF, LV ejection fraction; MPG, mean pressure gradient; MSCT, multislice computed tomography; PW-TDI, pulsed wave tissue Doppler at the mitral annulus; SPAP, systolic pulmonary artery pressure; and SV, stroke volume. Reprinted from Magne et al 19 with permission of the publisher. Copyright ©2015, Elsevier. Multimodality Imaging in AS of ascending aorta, <30 mm) because of significant pressure recovery downstream of the valve. 22, 23 Finally, the assessment of indexed LV mass and relative wall thickness is used to define the pattern of LV remodeling. Severe AS is expected to be associated with an abnormal LV remodeling pattern. If the LV mass and geometry are normal, it is unlikely that the patient has severe AS.
Transesophageal Echocardiography
Transesophageal echocardiography has the advantage of a higher spatial resolution and is useful to grade AS severity in patients with poor transthoracic acoustic windows in whom the measurement of the LVOT diameter and anatomic or geometric AVA by planimetry is not feasible or inaccurate. The measurement of effective AVA is also possible using the continuity equation provided that a good Doppler alignment to the flow direction is achieved from the transgastric view. It is important to underline that anatomic and effective AVAs are not equivalent from a physiological standpoint. 24 Indeed, the effective AVA is often smaller than the anatomic AVA because of the flow contraction that occurs between the anatomic stenosis and the vena contracta of the transvalvular flow jet. So, when the anatomic AVA is <1 cm 2 and the valve is severely calcified, the stenosis is often considered severe. In the case of uncertainties about AS severity using the planimetry or significant discordance with the effective AVA, other approaches should be used. Transesophageal echocardiography is also particularly useful before TAVI to evaluate the aortic annulus and the ascending aorta.
Three-Dimensional Echocardiography
Three-dimensional (3D) echocardiography can help in assessing AS severity. When compared with the transesophageal approach, 3D transthoracic echocardiography has lower spatial resolution and its quality depends on the acoustic windows. However, 3D transesophageal echocardiography has a satisfactory spatial resolution and may be useful to complement a nonconclusive 2D echo study. The AS severity can be estimated as follows: (1) guided 2D planimetry of the leaflet tips using a 3D data set that is cropped to obtain anatomic orifice area; (2) optimized computation of the effective orifice area using the continuity equation and the planimetry of the cross-sectional area of the LVOT without any geometric assumption from a 3D data set; (3) estimation of the 3D-derived stroke volume in the continuity equation using 3D LV end-diastolic and end-systolic volumes (providing that there is no significant mitral regurgitation, preferentially from a 3D transthoracic data set); and (4) 3D stroke volume measured by real-time volume color Doppler across the LVOT. Estimation of the LVOT area by 2D echocardiography is based on the measurement of the sagittal diameter in the parasternal long-axis view, and it assumes that the LVOT has a circular cross-section, which is often not the case (Data Supplement). When the shape of the LVOT is elliptical, the utilization of the sagittal diameter, which is generally smaller than the coronal diameter, may result in underestimation of LVOT area and, thus, of stroke volume and effective AVA. 3D transesophageal echocardiography proved also superior to 2D echocardiography to measure aortic annulus size (minimum and maximum diameters and annulus perimeter) and shape before TAVI. 25 Results obtained by 3D transesophageal echocardiography are similar to MSCT or CMR-derived diameters and can be used for selection of transcatheter valve size to reduce the risk of paravalvular regurgitation. 25 3D transesophageal echocardiography could be particularly useful to size the prosthesis dimension before TAVI in patients with severe chronic kidney disease to avoid the use of contrast agents.
Exercise Testing and Stress Echocardiography
Stress echocardiography is useful to confirm stenosis severity in patients with LF-LG AS and to identify patients at high risk of cardiovascular events in the case of asymptomatic severe AS ( Table 2) . Protocols, guide for referral, procedure, and reporting for valve stress echocardiography have been recently discussed. 26 In asymptomatic severe AS (C1 stage), exercise is the optimal stressor and is a class IIa indication in the ACC/ AHA guidelines, whereas it is strongly advocated in the European Society of Cardiology recommendations. 2, 27 Exercise testing or exercise stress echocardiography using a modified Bruce protocol is useful to unmask symptoms in patients with severe AS who claim to be asymptomatic (Table 2) . Indeed, about one third of patients with apparently no symptoms on medical questionnaire have exercise-limiting symptoms on exercise testing, and these patients have worse outcome. [28] [29] [30] Beyond symptom development, a drop in systolic blood pressure by >20 mm Hg is also predictive of outcome. 28 Although a negative exercise test is reassuring in younger patients, the predictive value of the test is improved when combined with echocardiographic assessment of LV function, 31 transvalvular pressure gradients, 28, 32 and pulmonary arterial pressure. 33 An exercise increase in mean gradient ≥18 to 20 mm Hg, 28, 32 the absence of contractile reserve (no or <5% exercise increase in LVEF), 34 or the presence of exercise pulmonary hypertension (>60 mm Hg) 33 are all strong predictors of cardiac events.
Low-dose (≤20 μg/kg per minute) dobutamine echocardiography is recommended (class IIa) in patients with suspected classical LF-LG AS and reduced LVEF 2 and could be useful in patients with paradoxical LF-LG AS in the absence of potential contraindications ( Table 2) . 35 According to ACC/ AHA guidelines, a true severe AS is identified when the mean gradient is ≥40 mm Hg and AVA is ≤1.0 cm 2 at any dobutamine stage. 2 This criterion is highly sensitive but lacks specificity, and it can only be achieved in patients who have significant LV flow reserve (ie, increase is stroke volume >20%). In patients with no flow reserve, the stenosis severity generally remains undermined with dobutamine stress echocardiography because the increase in flow is not sufficient to induce any change in AVA or gradient. Furthermore, in the frequent situation of patients with some degree of flow reserve but with peak stress flow rate remaining below normal at peak dose of dobutamine, the AVA (<1.0 cm 2 )-gradient (<40 mm Hg) discordance that exists at rest often persists during the test. When the effective AVA increases (European Society of Cardiology definition: change, >0.3 cm 2 ; effective AVA, >1.2 cm 2 ; AHA/ ACC definition AVA, >1 cm 2 ) but the mean gradient remains <40 mm Hg, pseudosevere AS (LV systolic dysfunction not related to AS) is considered to be present. 2, 27 When the stroke volume increase is <20% and no significant changes in mean Multimodality Imaging in AS gradient and AVA are observed, AS severity remains indeterminate. In these patients, we recommend to calculate the projected AVA at NF rate (250 mL/s) to reconcile this discordance. 36 A projected AVA of ≤1.0 cm 2 or indexed projected AVA of ≤0.55 cm 2 /m 2 confirms the presence of true severe AS and predicts the risk of cardiac events. 36 However, it should be kept in mind that data on the cutoff values of stroke volume increase during the dobutamine test come from small studies on a limited number of patients and should be interpreted cautiously. In practice, a patient who does not have >20% increase in stroke volume but has a significant increase in gradient (mean pressure gradient>40 mm Hg), nonparalleled by an increase in AVA (AVA<1.0 cm 2 ), should be considered as having true severe AS (stage D2).
Cardiac MSCT
Cardiac MSCT allows visualization of the aortic valve and cardiac chambers throughout the cardiac cycle and provides information about the aortic valve morphology (ie, bicuspid versus tricuspid valve), LV dimensions, coronary artery anatomy, coronary ostia localization, leaflet length, aortic annulus size, and aortic root morphology and dimensions. MSCT has a high spatial resolution and is particularly useful in patients with poor transthoracic acoustic windows or contraindication to transesophageal echocardiography. Using 3-multiplanar reformations, from left sagittal oblique and left coronal oblique views, a cross-sectional view of the aortic valve can be generated for accurate measurement of anatomic AVA. 37 MSCT allows accurate measurement of aortic annulus diameters (sagittal+coronal+mean values), area, and perimeter, which are key parameters for the selection of the prosthesis size before TAVI. 38 Protruding annular calcium (into the lumen) with >4 mm in size, severe aortic annular calcification (high calcium score), and undersizing of the transcatheter valve relative to the annulus size are the main predictors of postprocedural paravalvular regurgitation. 39 Typically, the annulus size is larger with MSCT, 3D echocardiography, or CMR than when measured with either 2D Table 2 37, 38 Aortic valve calcium scoring (Data Supplement) can also help discriminate severe from nonsevere AS in patients with discordant echocardiographic findings and particularly in patients with LF-LG AS and those with NF-LG AS who are characterized by a small AVA consistent with severe AS but a LG consistent with nonsevere AS. 16 Different cutoff values of aortic valve calcium score should be used in men (≥2000 AU or ≥480 AU/cm 2 ) versus women (≥1200 AU or ≥290 AU/ cm 2 ) to identify severe AS. 16, 40 A potential explanation for this intriguing finding is that women have relatively more valvular fibrosis than men. Fibrosis may also contribute to valvular stenosis, but as opposed to calcification, it is not detected by MSCT. Aortic valve calcium scoring by MSCT is particularly helpful when dobutamine stress echocardiography is not feasible or not conclusive, which is often the case in patients with classical LF-LG AS (D2 stage) and no flow reserve, in patients with paradoxical LF-LG (D3 stage), and in patients with NF-LG AS (HAVEC D4 stage; Figure 1 ). This imaging technique might also be useful to corroborate stenosis severity in asymptomatic patients with preserved LVEF, LG, and LF or NF (HAVEC C3 or C4 stages). It may be used in such cases depending on the local expertise and availability.
. Recommendations of the Heart Valve Clinic International Database (HAVEC) Group for the Indication of Multimodality Imaging in the Clinical Management of AS
The aortic valve calcium load assessed by MSCT is also a powerful predictor of rapid stenosis progression and of cardiac events in patients with AS; it could be used to enhance individualized risk stratification in C1 stage AS. 41
Cardiac Magnetic Resonance
CMR has emerged as an alternative noninvasive modality without ionizing radiation and is indicated as a complementary imaging when transthoracic or transesophageal echocardiography is nondiagnostic ( Table 2) . CMR provides images of valve anatomy and motion and allows quantitative evaluation of AS and LV function. CMR planimetry for the assessment of anatomic AVA is possible but less than optimal in patients with calcific AS, especially when a nonplanar orifice exists. 42 Other standard measures of stenosis severity can be obtained with CMR: peak anterograde velocity, pressure gradient, and effective AVA. Velocities and gradients are often underestimated with CMR when compared with Doppler echocardiography. 43 CMR also has the ability to characterize the pattern and volume of myocardial fibrosis (focal versus diffuse; subendocardial versus midwall) 44, 45 (Data Supplement) . CMR late-gadolinium enhancement provides an estimation of the degree of focal fibrosis, which corresponds to replacement fibrosis most often related to ischemic heart disease or severe pressure-overload cardiomyopathies, such as in AS. In AS, myocardial fibrosis is one of the major processes driving the decompensation of the LV and the progression toward symptoms, heart failure, and adverse events. T1 mapping of extracellular volume provides an estimate of diffuse fibrosis, which consists, in large part, of reactive interstitial fibrosis and is more specific to pressure-overload cardiomyopathies. Some studies have shown that the presence of myocardial fibrosis in the midwall layer is more specific to AS rather than to ischemic heart disease and is a more powerful predictor of cardiac events. 44
Positron Emission Tomography/CT
Positron emission tomography (PET)/CT is a feasible and reproducible method that combines the anatomic information from CT with the functional information derived from PET. 18 F-sodium fluoride ( 18 F-NaF) is a PET tracer that exchanges with hydroxyl groups on hydroxyapatite crystals, a key structural component of both bone and vascular calcification. A recent study has shown that 18 F-NaF, with high specificity and sensitivity, binds to calcium deposits in human atherosclerothic vascular tissue and is a useful tool to assess areas of vascular microcalcification noninvasively. 46 Increased 18 F-NaF uptake has been also described in AS, where it is believed to identify areas of increased calcification activity. 47 The magnitude of increased 18 F-NaF activity correlates well with disease severity. 48 In a recent study, PET/CT had the ability to predict disease progression (both as assessed by echocardiography and MSCT) and the development of adverse clinical events. 49 18 F-fluorodeoxyglucose is another PET tracer whose uptake has been linked to macrophage burden in the carotid arteries and which can be used to measure metabolic activity in the aortic valve as a surrogate for inflammation. 48 The uptake of 18 F-fluorodeoxyglucose, which reflects valvular inflammation, is higher in patients with mild or moderate AS compared with controls but decreased in the severe AS stage. In contrast, the uptake in 18 F-NaF increases progressively with each stage of AS severity and is maximal in severe AS (Data Supplement). Of note, the increase in 18 F-NaF is also higher in AS than in aortic atheroma, whereas the opposite situation is seen for 18 F-fluorodeoxyglucose, indicating that inflammation seems to have a lesser role in advanced AS and vice versa. Active mineralization may be predominant in the pathogenesis of Table 3 ESE may be repeated each year in asymptomatic patients with severe AS to confirm the absence of symptoms and search for markers of poor prognosis, such as a significant increase in mean pressure gradient. CMR may be used each 2 years in asymptomatic patients to test for the development of myocardial fibrosis, an important prognostic factor in severe AS. AS indicates aortic stenosis; CMR, cardiac magnetic resonance; DSE, dobutamine stress echocardiography; ESE, exercise stress echocardiography; MSCT, multislice computed tomography; and PET, positron emission tomography. the disease. PET/CT, 18 F-NaF, as a marker of calcification activity, is a good predictor of aortic valve calcium score progression by MSCT at 1 year. 47
. Recommendations of the Heart Valve Clinic International Database (HAVEC) Group for the Timing of Follow-Up of Multimodality Imaging in the Clinical Management of AS

Role of Multimodality Imaging for Patient Follow-Up
AS is characterized by a long asymptomatic phase, lasting several decades, during which outflow obstruction develops progressively. Generally, prognosis is considered fair in mildto-moderate stages (stage A and B), and risks of symptoms and death are expected to correlate with the hemodynamic degree of AS severity. 50 However, because of wide variability in clinical (risk of sudden death varying from <1% to 5%) 30, 33, 51 and hemodynamic progression (event-free survival at 5 years varying from 30% to 80% in severe AS), 50,51 appropriate monitoring of disease status and individual risk stratification is warranted. Follow-up examinations are suggested to be obtained in a Heart Valve Center of Excellence, 2,52 whenever possible (Table 3 ). Monitoring should look for any change in symptomatic status, in exercise tolerance ideally with an exercise test, in LV function, or in disease severity.
Specific Clinical Scenarios Asymptomatic Severe AS-Stage C1
In this category of patients, a stepwise approach is advocated: (1) identification of patients with very severe stenosis (peak velocity, ≥5.0 m/s) and (2) determination of whether the patient is truly asymptomatic and has a normal blood pressure response during exercise ( Figure 3A) . As a second step, further imaging-based risk assessment should be considered and include the assessment of (1) risk factors of rapid stenosis progression: severe aortic valve calcification on echo or MSCT, marked increase in mean pressure gradient (>18-20 mm Hg) during exercise echo; and (2) markers of more advanced LV dysfunction: LF (indexed LV stroke volume<35 mL/m 2 ), 53 high Z va (>4.5-5 mm Hg/ mL/m 2 ), 54 decreased longitudinal LV function (global strain<16%), 54 enlarged left atrium (indexed left atrial area, ≥12.2 cm 2 /m 2 ), 54 and high brain natriuretic peptide level (ratio-measured brain natriuretic peptide/normal reference brain natriuretic peptide for age and sex, >2). 55 CMR is not yet routinely indicated for risk stratification. However, this imaging modality may be useful to detect and quantitate myocardial fibrosis. When a watchful strategy is selected for a patient in C1 stage, the presence of any of the abovementioned parameters underlines the need for closer followup (every 3 months).
Classical LF-LG AS-Stage D2
Because the resting echocardiographic examination in these patients is unable to ascertain the stenosis severity, a multimodality/imaging approach is mandatory ( Figure 3B ). Dobutamine stress echocardiography is the first-line recommended (EF; B) , and in LF, LG AS and preserved left ventricular EF (C). AVC indicates aortic valve calcification; AVR, aortic valve replacement; BNP, brain natriuretic peptide; BSA, body surface area; CMR, cardiac magnetic resonance; DSE, dobutamine stress echocardiography; ESE, exercise stress echocardiography; GLS, global longitudinal strain; LF, low flow; LG, low gradient; MPG, mean pressure gradient; MSCT, multislice computed tomography; NF, normal flow; PET, positron emission tomography; PHT, pulmonary hypertension; SBP, systolic blood pressure; SV, stroke volume; and TAVI, transcatheter aortic valve implantation. Multimodality Imaging in AS differentiate severe from moderate stenosis. 16 CMR identification of extensive necrosis/fibrosis may also orientate toward TAVI because of its lower risk of cardiodepressive effects when compared with surgical AVR. Of note, European Society of Cardiology-European Association for Cardio-Thoracic Surgery guidelines consider an LVEF of <20% as a relative contraindication for TAVI. 27
Symptomatic Paradoxical LF-LG AS With Preserved LVEF-Stage D3
As for classical LF-LG AS-stage D2, confirmation of AS severity in symptomatic patients with paradoxical LF-LG AS requires multimodality/imaging approaches (Data Supplement). The recommended stepwise algorithm is depicted in Figure 3C: (1) rule out measurement errors; (2) calculate AVA indexed to body surface area to rule out the situation of small AVA in a small patient, which would correspond to a moderate AS; (3) identify the causal factors and features of LF-LG AS (pronounced concentric LV remodeling, small LV cavity, reduced longitudinal function, moderateto-severe LV diastolic dysfunction, mitral stenosis, mitral regurgitation, tricuspid regurgitation, and atrial fibrillation); (4) redo the echo measurements after blood pressure control and confirm the LF state by 2D/3D echo volumetric methods or CMR; and (4) differentiate true versus pseudosevere stenosis with the use of stress echocardiography if feasible or MSCT (high AVC). 16, 35 Some recent studies suggest that TAVI may be preferable to surgical AVR in patients with paradoxical LF-LG AS because these patients are at higher risk of operative mortality and prosthesis-patient mismatch with surgical AVR. 7, 56 In these patients, it may also be useful to assess the extent of myocardial fibrosis by CMR to enhance risk stratification. 10, 44 
Symptomatic NF-LG AS With Preserved LVEF-Stage D4
Patients with NF-LG AS and preserved LVEF (HAVEC stage D4) are generally believed to be at less advanced stage of the disease than patients in LF-LG AS (stages D2 and D3). However, recent studies suggest that a substantial proportion may nonetheless have severe AS despite the LG and NF pattern. Hence, in symptomatic patients with NF-LG AS, it is important to corroborate stenosis severity preferably with the use of MSCT aortic valve calcium scoring. The same cut points as those used for LF-LG AS can be applied to these (8) PET-CT with 18 F-NaF may be useful in asymptomatic patients with severe AS (C1 stage) to identify the patients who are at higher risk of rapid stenosis progression and who may, thus, benefit from an earlier intervention. However, further studies are needed to demonstrate the incremental value of PET-CT 18 F-NaF over the simple aortic valve calcium scoring by MSCT to predict stenosis progression rate and cardiac events.
AS indicates aortic stenosis; AVA, aortic valve area; AVR, aortic valve implantation; CMR, cardiac magnetic resonance; CT, computed tomography; LF, low flow; LG, low gradient; LVEF, left ventricular ejection fraction; LVOT, left ventricular outflow tract; MSCT, multislice computed tomography; NF, normal flow; PET, positron emission tomography; TAVI, transcatheter aortic valve implantation; and TEE, transesophageal echocardiography. (1) Transthoracic Doppler echocardiography is generally sufficient to make an accurate diagnosis of severe AS and guide decision making in most patients. However, a multimodality imaging approach is necessary in symptomatic patients with LF-LG AS (D2 and D3 stages) and potentially useful in patients with asymptomatic severe AS (C1 stage), asymptomatic LF/NF-LG AS, and preserved LVEF (HAVEC C3 and C4 stages), or symptomatic NF-LG AS (HAVEC D4 stage).
(2) Transthoracic Doppler echocardiography is the first imaging approach to evaluate AS severity and is sufficient for an accurate diagnosis and treatment decision in stages A, B, and C2. In practice, we recommend to measure the LVOT diameter at the base of the aortic valve cusps or 1 to 5 mm below. The LVOT diameter and the highest aortic peak velocity using multiple windows should be reported. When both blood pressure and Z va are elevated (>4.5-5 mm Hg/mL per m 2 ), antihypertensive therapy should be initiated/optimized and the echocardiographic examination should be repeated after normalization of blood pressures. The pattern of LV remodeling should be described.
(3) TEE is recommended in the case of nondiagnostic TTE because of poor acoustic window or inconclusive TTE or to evaluate the aortic annulus/ ascending aorta before TAVI.
(4) 3D echocardiography should be considered in patients who have paradoxical LF-LG AS at 2D echocardiography (stages C3 HAVEC and D3) to corroborate the measurements of stroke volume and effective AVA. This imaging modality may also be used in place of or in complement of MSCT or CMR to measure the aortic annulus area/perimeter and select the most appropriate valve size in patients undergoing TAVI.
(5) Exercise testing is the first test to identify truly asymptomatic patients.
Exercise stress echocardiography provides incremental information for risk stratification in C1 stage patients and could be useful (1) to determine the relevance and optimal timing of early elective AVR and (2) to assess the potential need for AVR before high-risk noncardiac surgery. This imaging technique may also be useful in patients with C3 and C4 HAVEC stages to assess stenosis severity and enhance risk stratification. Dobutamine stress echocardiography should be considered in stages D2 and HAVEC C3 to differentiate true severe from pseudosevere AS and to evaluate the operative risk and inform the selection process between surgical AVR and TAVI in stage D2. When ambiguous dobutamine stress results are obtained (insufficient increase in stroke volume), we recommend computing the projected AVA at normal flow rate.
(6) Aortic valve calcium scoring by MSCT should be considered in (1) patients with a small AVA and LG AS (D2, D3, D4, C3, and C4 stages) to corroborate stenosis severity when dobutamine stress echo is not feasible or not conclusive and (2) patients with asymptomatic severe AS to identify those at higher risk for rapid disease progression who may benefit from earlier intervention (C1 stage). MSCT with contrast injection should be performed in patients with planned TAVI procedure to measure aortic annulus/root anatomy/dimensions. (7) Measurement of AVA by CMR has little role in patients with LF-LG AS (D2, D3, and C3 stages) to corroborate stenosis severity unless it is associated with the dobutamine stress test, which increases the complexity and duration of the procedure. The localization and quantification of myocardial fibrosis by CMR may potentially be useful to optimize risk stratification and timing of AVR in asymptomatic patients with severe AS (C1 and HAVEC C3 and C4 stages). Indeed, patients with more advanced fibrosis might be considered for early intervention to prevent the development of potentially irreversible myocardial dysfunction and symptoms and to enhance risk stratification and guide the selection of the type of intervention in patients with LF-LG AS (D2 and D3 stages). Patients with extensive myocardial fibrosis are at higher risk of operative mortality and lack of functional improvement after surgical AVR.
(Continued ) Multimodality Imaging in AS patients. If MSCT supports the presence of severe stenosis in such patients, AVR may be considered (HAVEC group recommendation).
Future Research Directions
Although imaging plays a major role in the management of patients with AS, there is a need for large-scale registries and studies to strengthen its clinical value. This is one of the major goals of the HAVEC group. Imaging is still poorly implemented in the individual risk stratification of patients with AS. Although more recent scoring systems have included some imaging data, effort should be made to identify new imaging parameters that could be added to modern risk calculators. The choice between surgical AVR versus TAVI is currently mainly based on clinical risk assessment and evaluation of the heart team. The additional value of imaging in the decision-making process is clear but still limited to the sizing of the aortic annulus and root and the assessment of the peripheral arterial tree. Whether the CMR detection of myocardial fibrosis should be systematically added to the imaging evaluation work-up is unknown. Reversibility of myocardial fibrosis and associated dysfunction after surgical AVR or TAVI most likely depends on the type (interstitial versus replacement) and extent (mild versus severe) of fibrosis. Data on the role of CMR for monitoring the progression of fibrosis and the prognostic effect of diffuse fibrosis by T1 mapping are also lacking. Progression of AS is substantially unpredictable and cannot be mitigated by current medical treatments. However, new generations of drugs are under development, which may slow down or stop the fibrocalcific process. PET/ CT, by evaluating local inflammatory processes taking place in the valve leaflets, might be used to evaluate the effects of these agents on progression of AS.
Conclusions
Grading AS severity and ensuing therapeutic decision remains challenging especially in the context of LF state. Multimodality/multiparametric imaging is important for disease staging, risk stratification, and therapeutic decision making (Table 4 ). Imaging parameters should be interpreted in conjunction with the clinical findings, the circulating biomarkers, and the symptomatic status. Repeated evaluation is warranted over time for adequate monitoring to assess the rate of progression of stenosis severity and any change in LV function. New imaging targeting inflammation, calcifications, or myocardial fibrosis may pave new ways for tailored medical strategy.
